Probiotics are live microorganisms which when administered in adequate amounts confer a health benefit on the host. Many strains exert their beneficial effects after transiently colonizing the human gut, where they interact with the rest of the intestinal microorganisms and with the host mucosa. Indeed the human gut harbours a huge number of microorganisms also known as gut microbiota. Imbalances in the relative abundances of the individual components of the gut microbiota may determine the health status of the host and alterations in specific groups have been related to different diseases and metabolic disorders. Proteomics provide a set of high-throughput methodologies for protein identification that are extremely useful for studying probiotic functionality and helping in the assessment of specific health-promoting activities, such as their immunomodulatory activity, the intestinal colonization processes, and the crosstalk mechanisms with the host. Furthermore, proteomics have been used to identify markers of technological performance and stress adaptation, which helps to predict traits such as behaviour into food matrices and ability to survive passage through the gastrointestinal tract. The aim of this review is to compile studies in which proteomics have been used to assess probiotic functionality and to identify molecular players supporting their mechanisms of action. Significance: Probiotics are live microorganisms which when administered in adequate amounts confer a health benefit on the host. Molecular basis underlying the functional properties of probiotic bacteria responsible for the health promoting effects have been in the background for many years. Breakthrough of omics technologies in the probiotic and microbiota fields has had a very relevant impact in the elucidation of probiotic mechanisms and in the procedures to select these microorganisms, based on solid scientific evidence. It is unquestionable that, in the near future, the evolution of proteomic techniques will play a pivotal role in the generation of knowledge about the functions of probiotics and gut commensals, still a pending issue in the field of intestinal microbiomics.
Gut microbiota and probiotics
Since the beginning of the 20th century we have scientific evidence that there are beneficial microbes consumed in food that exert healthy effects. Already in 1907, Elie Metchnikoff, the Nobel Prize in Physiology or Medicine in 1908, published a book with the title "The Prolongation of Life: Optimistic Studies". In this book he mentioned some observations related to the consumption of bacteria responsible for dairy fermentation, and he highlighted the association between the consumption of fermented dairy products in some Eastern European areas and an unusually large number of centenarians [1] . Later on, fermented milks including specific lactic acid bacteria strains selected for specific health purposes started to be commercialized [2] and during the 50′s the first therapies using probiotics were published in renowned medical journals [3] .
Probiotics are traditionally associated with fermented foods, being lactobacilli and bifidobacteria the two main bacterial groups used by the food industry. During the last decades, probiotics have been defined in many different ways [4] , but the first broad consensus definition was coined by a joint Expert Consultation Scientific Committee working on behalf of the FAO and the WHO [5] . The scientific panel defined probiotics as "live microorganisms which when administered in adequate amounts confer a health benefit on the host" (this definition was recently revised by the International Scientific Association of Probiotics and Prebiotics; [6] . In the FAO/WHO document, some in vitro tests to screen potential probiotic microorganisms were recommended, including adherence to mucus and/or human epithelial cells and cell lines, antimicrobial activity against potential pathogens, ability to reduce pathogen adhesion or displaying bile salt hydrolase activity. These screening tests became the dogma for probiotic characterization, but this phenotypic characterization does not allow going deeply into the mechanisms underlying the functionality of probiotics, a key issue to generate solid evidence-based science to support the observed beneficial effects attributed to these bacteria. Mechanistic studies have also been hampered by the lack of genetic tools to genetically modify lactobacilli and bifidobacteria; in the particular case of bifidobacteria gene silencing or protein production has been achieved only for a few model strains [7] .
Maybe the key feature of probiotic microorganisms, in addition to their health promoting effects, is their ability to modulate the human microbiota. In most of the studies, this term relates to the microbial community inhabiting the human gastrointestinal tract (GIT), although a probiotic can target the microbiota from other body locations, mainly mucosae. In the case of our gut, about 10 14 microorganisms endow us with relevant metabolic and functional attributes with their pool of genomes, also known as microbiome [8] . Currently, it is estimated that 10 million unique genes compose the human gut microbiome [9] (http:// gigadb.org/dataset/100064). The gut microbiota exerts a fundamental role in human health by promoting intestinal homeostasis, stimulating development of the immune system, providing protection against pathogens, and contributing to the production of micronutrients and energy [10] . Therefore, it can be easily deduced that microbiota plays a pivotal role in human health, notably at the level of the relative compositions of their single microbial species [11] . Indeed modifications in its composition have been related to a number of metabolic disorders and diseases, notably with an autoimmune or chronic inflammatory component, including inflammatory bowel diseases, systemic lupus erythematosus (SLE), metabolic syndrome, rheumatoid arthritis, type-1 diabetes, and obesity [12] [13] [14] [15] [16] [17] . Currently, the interaction between intestinal microbiota and different organs, such as gut-liver axis and gut-brain axis, is becoming evident; thus dysbiosis in this microbial community has been associated with liver disease, mood, autism or brain development disturbances [18] .
Microbiota increases in number, density and complexity from the oral cavity to the colon [19] , and it contains microorganisms belonging to the three domains of life: Eucarya, Bacteria and Archea. Bacteroidetes and Firmicutes are the dominant bacterial phyla in adults, whereas the main archaea identified to date is the methanogenic Methanobrevibacter smithii [9, 20] . Almost all bacteria members can be ascribed to nine phyla, with Bacteroides and Firmicutes accounting from almost 90% of these populations; other phyla such as Actinobacteria -in which bifidobacteria are is included -constitute subdominant groups [9, 21] .
In this populated scenario, orally ingested probiotics must deal with stressful conditions characterizing the human GIT (acidic pH, bile and digestive enzymes), starving conditions and microbial antagonism interrelationships. The advent of omics techniques during the last decade has allowed overtaking many of the inconveniences associated with the molecular characterization of probiotic functionality, and proteomics plays a pivotal role in this process. Using different proteomic methods, mainly, but not exclusively, gel-based approaches, scientists have been able to identify the molecular players involved in different stress responses critical for survival during industrial processing [22] and/or along the gastrointestinal tract transit [23, 24] , and to know the proteins involved in important metabolic functions, such as mucin utilization [25] , as well as in adhesion, immune stimulation and other hostmicrobial interactions [26, 27] .
Proteomic approaches
In microbiology, the classical definition of proteome can be adapted to "the complete protein complement of a cell or subcellular fraction of a microorganism in a defined growth phase under concrete and precise physiological conditions" [28] . During the last decades a huge amount of genetic information has been obtained thanks to the development of genomics (mainly DNA sequencing technologies and platforms) and Bioinformatics (algorithms, massive data storage and query and data integration). However genomics is not enough to explain the complex biological events that are mediated by proteins, as the presence of a simple gene says very few about its expression and the production of a bioactive protein. Therefore, in the omics era, proteomics has become more interesting since they allow detecting proteins involved in the main cellular functions such as catalysis and stress responses. The proteomic approaches involve all the techniques used to identify and quantify the complete set of proteins present in a sample, cell or tissue under defined experimental conditions. A detailed review of common techniques was written by Monteoliva and Albar [29] and further reviewed by Abdallah and co-workers [30] . Further reviews for the application of proteomics to the study of probiota/microbiota functionality are also available in the scientific literature [31, 32] . Setting a proteomics experiment involves all parameters affecting sample preparation (basically protein extraction and purification), followed by gel-based/gel-free protein separation coupled to a mass spectrometer step in which the polypeptides/proteins are finally detected through their mass-to-charge ratio (Fig. 1) . The most common approach is the so-called "Bottom-up proteomics", in which proteins are digested (usually through the action of trypsin) and the resulting mix of peptides detected in the mass spectrometer. This contrasts with the "Top-down" proteomics, in which proteins are not digested prior separation, and which is very useful for the detection of protein degradation products, isoforms, posttranslational modifications or truncated proteins [33] . In the identification step, proprietary, open-source or in-house scripts/pipelines/software are developed allowing protein identification. In this review we will focus on the most useful proteomic methods and their application in the probiotics field.
Gel-based proteomics
Traditionally, polyacrylamide gel electrophoresis has been used to set up differences between proteomes. The two dimensional polyacrylamide gel electrophoresis (2DE) [34] allows resolving complete proteomes into individual spots corresponding in most cases to a single protein, obtaining a kind of protein barcode of the sample. A staining protocol is then applied to the gels (Coomassie, silver etc.) allowing the visualization of the spots, which are further picked up from the gel and treated with proteases to release protein-specific peptides; these peptides are finally identified by mass spectrometry. Other possibility to detect proteins produced/repressed/degraded under certain experimental conditions is to include radioactive-labelled amino acids in the growth medium compared to control conditions [35] . These amino acids will be incorporated into newly synthesised proteins, and in this way proteins that are synthesised after for instance a stress challenge will display radioactivity and can be visualized in the gel. In addition, radiolabelling is one of the most sensitive protein detection methods, allowing detection of low-abundant proteins.
Use of 2DE is a widespread technique for massive eukaryotic and prokaryotic protein identification due to the powerful results obtained with relatively low cost compared to other gel-free techniques. However, 2DE presents some disadvantages such as reproducibility limitations, and is often insensitive to low abundant proteins such as regulators, membrane associated proteins or basic proteins. Some modifications of the protocols have been assayed in order to improve the migration of those specific protein subsets [36] . For instance hydrophobic proteins, mainly membrane-associated or membrane-integral proteins, are not well solubilized in the absence of detergents, and those detergents such as SDS are not compatible with IEF [37] . In this sense new zwitterionic detergents such as sulfobetaines have been included to improve solubilisation of hydrophobic proteins. Very alkaline proteins (pI N 7) are problematic in terms of resolution, resulting in poor 2D patterns. A method for improving the resolution of the alkaline proteome of the lactic acid bacterium Lactobacillus hilgardii, has been optimized using a combination of cup loading for sample loading and use of different reducing agents [38] . In the case of alkaline proteomes use of wide pH gradients in the first dimension step, inclusion of higher concentrations of reducing agents such as dithiothreitol in the cathode or alkylation of thiol groups with iodoacetamide before protein loading in the IEF step often offers substantial improvements in the separation of these proteins. In the case of low-abundant proteins, use of ultrazoom gels covering a wide range of isoelectric points, use of sensitive protein stains or labels such as radiolabelling, or inclusion of prefractionation steps during sample preparation solve in part the problem of detecting these minority proteins [36] .
A variation of 2DE is the use of fluorescent dyes to label proteins during the separation process, allowing detection of low-abundant proteins and sample multiplexing. This technique is denominated 2D-difference in gel electrophoresis (DIGE) that was firstly described by Ünlü and coworkers [39] . The use of this method improves the dynamic range in protein detection, increasing the linearity relationship between protein concentration and fluorescent signal. In addition, DIGE reduces the number of experiments required for sample comparison in different experimental conditions, as many samples can be loaded in the same gel using different fluorescent dyes.
Gel-based proteomics have been used in the field of probiotics to a) obtain systematic maps for taxonomy or protein function prediction and to b) analyse differential protein expression under different environmental situations or stress conditions. In this sense, the stress response to acid conditions or bile presence has been studied by several authors [23, 24, 40, 41] , as well as the different behaviour of strains when co-cultivated with other bacteria [42] or with different carbon sources [43] . The adhesion capability is another desired probiotic trait that has been tested through gel-based proteomics [44] . Gel-based proteomics have also been used to compare bacterial polymorphisms between closely related strains [45, 46] and to identify protein features responsible for adaptations to the gastro intestinal tract conditions [47] [48] [49] .
Gel-free proteomics
Some of the limitations of 2DE have been solved by gel-free proteomic techniques. In gel-free proteomics, the pool of proteins present in a protein extract is reduced to small peptides through an enzymatic digestion with proteolytic enzymes, usually trypsin. Subsequently, peptides are separated and identified using multi-dimensional liquid chromatography systems coupled to tandem mass spectrometers (LC-MS/ MS). As peptides can be easily separated by liquid chromatography, this technique is notably faster and cheaper than 2DE. Among the techniques used for separating peptides, Ion-Exchange Chromatography, Reversed-Phase Chromatography, Size exclusion Chromatography, 2D liquid chromatography (orthogonal combinations of two out of the three mentioned chromatography systems) or OFFGEL Electrophoresis (liquid-phase peptide IEF) are worth mentioning [30] .
Gel-free proteomics have become a powerful technique to analyse proteins with low abundance in complex samples, which pass undetected in gel-based proteomics. Moreover, this methodology provides more sensitive and more accurate protein quantification, as well as the possibility to identify highly hydrophobic or basic proteins. Modifications in the protein affecting relative mass or isoelectric point are not considered in gel-free techniques, which are based on protein identification through amino acid sequence determination. For that reason, gel-free proteomics are very accurate for the identification of the precise amino acid sequence of the original protein but they have limitations related to the identification of post-translational modifications. Phosphorylation or glycosylation are really important in protein function, and as they produce changes in the molecular mass (glycosylation) or protein charge (phosphorylation) they are more easily identified by 2DE. In addition, there are dyes specifically designed to visually detect phosphorylated or glycosylated proteins.
The huge progress of mass spectrometry has allowed designing techniques for quantitative gel-free proteomics. Labelling can be as easy as profiting from the proteolytic step during peptide generation to introduce one atom of 18O. This is a system to incorporate, for instance, 18O at lysine and arginine through trypsin digestion in presence of heavy water (H 2 18O) [50] . Bacterial metabolism can be profited to introduce a metabolic tag in the form of inorganic salt. For instance, a 15N-labelled inorganic salt such as K15NO 3 can be used to introduce a 15N-label in a given experimental condition, and then compared to its 14N-label counterpart [51] .
Other technologies are mainly based in isotopic protein labelling. In the SILAC technique (Stable Isotope Labelling with Amino acids in Cell culture) light or heavy amino acid isotopes are employed for protein labelling as they are incorporated during bacterial growth [52] . In other technique denominated ICAT (Isotope-Coded Affinity Tags), cysteinecontaining proteins are labelled with molecular tags containing either eight deuterium or hydrogen carbons [53] . ICPL or Isotope-Coded Protein Labelling, all free amino acid groups are labelled with molecular tags containing 4 hydrogen or deuterium atoms. In the case of iTRAQ (Isobaric Tags for Relative and Absolute Quantification), peptides rather than proteins are labelled with up to eight different molecular tags ranging from 145 Da to 304 Da, allowing multiplexing up to eight different samples [54] . One modification of iTRAQ is the use of Tandem Mass Tags (TMT), in which proteins are marked with different isotopomer labels. Proteins are then digested and the incorporation of the isobaric tags into the released peptides and in the daughter peptides (originated after a full MS/MS scans) is finally measured [55] . All these labelling techniques allow quantifying different protein concentrations as affected by the experimental conditions.
Other block of gel-free technologies includes the analysis of the dilution of a known peptide within the experimental peptide mix to achieve absolute quantification of proteins. This is performed through the use of isotope-labelled internal standards [56] . In the PSAQ technique (Protein Standard Absolute Quantification) the internal standard is the target protein which is isotope-labelled and added into the sample before protein digestion [57] . In QconCAT ("Quantification concatamer") the internal standard is a chimerical protein formed by one of more isotopelabelled of the target protein, which are added also before the protein digestion step [58] . On the contrary, the AQUA system (Absolute Quantification) are a set of synthetic isotope-labelled peptides whose sequences are obtained from the proteolytic peptides of the target protein/proteins, and which are added to the sample after the peptide generation [59] . Finally, many label-free approaches have been developed profiting from the increasing detection power of the new MS detectors; detecting almost all peptides in a sample is currently use to develop algorithms able to obtain comparison of relative protein concentrations between few samples [60] .
Gel-free proteomic approaches have been used in the field of probiotics to study stress response, like acid tolerance in the genus Lactobacillus [61, 62] and heat shock resistance in Bifidobacterium longum [63] . Pili, which are surface proteins with important roles in the adhesion to epithelial cells and in the persistence of a probiotic bacterium in the human GIT, have been detected in Lactococcus using gel-free techniques [64] . These techniques have also been used to compare the presence/absence of pathogenic factors between food and clinical isolates [65] . In food industry, Capillary electrophoresis (CE)/MS has been used to measure the consistency of different lots of probiotic formulation [66] .
Wolf and co-workers showed that the combination of both approaches increase between 2 and 3 times the number of proteins identified [67] . In this way gel-based combined with gel-free approaches have been used for food analyses and nutrition research [68, 69] . It seems that both methodologies, gel and non-gel based, are complementary and should be used together whenever possible.
Adaptation of probiotics to environment
Proteomics allows high-throughput identification of key proteins for probiotic interaction with their environment, including food matrix and host intestine (Table 1 ). This knowledge is fundamental to understand probiotic mechanisms of action and design better functional supplements. It also provides a unique framework to identify posttranslational modifications (methylation, phosphorylation or glycosylation) that may strongly affect protein functionality but are overlooked by other "-omic" techniques [70] .
Adaptation to food
Probiotics incorporated into food products face various challenges (freeze-drying, refrigeration temperatures, osmotic stress or acid pH, among others) that compromise their viability and functionality. Proteomic studies on technological-related stresses shed light on key molecular mechanisms behind microbial response and adaptation to food.
Fermented products, characterized by an acid pH, are a common delivery food for probiotics. Therefore the response of probiotic strains to acid stress is one of the most widely studied. Proteomics has been used to delineate the molecular components of the acid tolerance response (ATR) in Lactobacillus [61, [71] [72] [73] [74] , Bifidobacterium [48, 75, 76] and Propionibacterium [77] strains. Common elements of the ATR in these bacteria, include increasing energy production through glycolysis augmentation; and counteracting H + excess by reducing endogenous production of organic acids, or increasing NH4 + production or H + extrusion. Specific molecular mechanisms to achieve these metabolic adaptations are species/strain-dependent. For instance, an increment in enzymes responsible for branched chain and sulfur-containing amino-acids biosynthesis was found upon acid adaptation in B longum subsp. longum [48] ; whereas L. casei metabolic rearrangements affected carbohydrate metabolism exclusively [73] . Proteins involved in general stress responses, like DnaK, GroES and GroEl are commonly overproduced following acid exposure. Despite the fact that ATR seems to be multifactorial, a two component system and a transcriptional regulator, Ldb0677, have been revealed as central regulators orchestrating ATR in Lb. delbrueckii [71, 78] .
Research into proteomic changes accomplished during probiotics inclusion in food products as compared to laboratory conditions, has identified key proteins for an effective adaptation of probiotics to food. Lc. lactis LC-MS/MS Pili identified as adhesion factors in surface-associated proteome [64] Siragusa et al. [79] mimicked in vitro food fermentations to reveal that Lactobacillus plantarum adjusts its metabolism to the carbohydrates available in the food matrix. Furthermore, reduction in enzymes connected with lactic acid production (i.e. glycolysis) and increase in the synthesis of proteins involved in fatty acids biosynthesis was observed in fermented foods, supporting in vitro observations in acidified MRS broth, which is a complex medium used to growth lactic acid bacteria [61] . Similar proteomic experiments were performed on Lb. rhamnosus and Propionibacterium freudenreichii grown under simulated industrial conditions as compared to laboratory MRS [80] [81] [82] . Their results evidenced strong differences between the metabolic pathways activated in MRS, where glucose and lactose are abundant and lactic acid is the major metabolic end product, and those activated in "cheese-like" broth, where carbohydrates are scarce and fatty acids abundant, and metabolism is directed towards and increased acetic acid production. Indeed, carbohydrate starvation is a common food stress for probiotic bacteria and proteomic analysis of nutrient-deprived lactobacilli evidenced metabolic activation of routes to metabolize alternative carbon sources. Increased production of general stress response proteins is also observed, and would contribute to the higher tolerance of nutrient-deprived cells to various stresses [83] [84] [85] .
Proteomics has also been used to study probiotics response to other food associated stress factors including oxidative stress [86] ; osmotic stress [87] ; heat stress [35, 88, 89] ; high pressures [90] ; or the presence of dietary components such as prebiotic ingredients [43, [91] [92] [93] [94] or bioactive dietary polyphenols like rutin [95] .
Adaptation to the intestinal environment
Intestinal colonization is considered a requisite for probiotics health promotion [6] . Gastrointestinal passage imposes important challenges for probiotic survival, like acidity in the stomach or the presence of bile salts and digestive proteases in the intestine. Furthermore, probiotics encounter a densely populated microbial ecosystem in the large intestine, where they need to compete against autochthonous microbiota to colonize the intestinal environment. Proteomics under in vitro conditions mimicking GIT environments or using in vivo models have revealed some of the mechanisms behind probiotics adaptation to the intestinal environment.
Proteomics have helped in understanding the response and adaptation of probiotic bacteria to bile. Bile salts are biological detergents which participate in fat emulsion and absorption. They can also disrupt and destabilize bacterial membranes, leading to ions leaking, proteins miss-folding and aggregation and cell death. Accordingly, bile exposure generally translates into overproduction of ribosomal and general stress response proteins, as a mean to promote protein recycling; as well as energy production systems and proteins involved in membrane and cell wall biosynthesis, reflecting the need to counteract membrane damage [35, 40, 47, 49, [96] [97] [98] [99] [100] [101] [102] .
Other proteins involved in the response mechanism to bile in other probiotic strains have been identified through proteomics. For instance, bile salt hydrolase role in bile detoxification is not clear, but it is overproduced in some Lactobacillus exposed to bile [96, 97, 102] , and in a B. longum strain exposed to a rabbit intestine [103] as revealed by different proteomic techniques. From the bifidobacterial strains tested, only one B. longum strain overproduced BSH following an in vitro bile challenge [99] , but it was constitutively overproduced in a bile adapted B. animalis strain [47] .
Proteomics have also contributed to characterize prebiotic utilization pathways availing better symbiotics design. Probiotic bacteria are adapted to utilize a range of carbon sources that, otherwise, would be undigested by their hosts, favoring their establishment in the intestinal environment. For instance, β-glucans and xylo-oligosaccharides utilization pathways in bifidobacteria [91] [92] [93] ; lactitol and cellobiose Lb. fermentum 2D-PAGE Co-administration of Lb. fermentum and aureomycin to piglets counteracted the antibiotic effects on the intestinal proteome [113] Lb. plantarum LC-MS/MS Identified surface-proteome changes in a sortase-mutant with increased pro-inflammatory signaling [131] Lb. plantarum
2D-PAGE & MALDI-TOF-MS/MS or MDLC coupled to nano-ESI-MS/MS
Quorum sensing regulates adhesion factors correlating to increased biofilm formation, intestinal binding and pathogens exclusion [111] Lb. rhamnosus LC-MS/MS Surface-associated proteome includes moonlighting protein with predicted functions in adhesion, immuno-stimulation and pathogens exclusion [26] Lb. rhamnosus 2D-PAGE & MALDI-TOF-MS Growth in mucin resulted in reduced production of secreted proteins and production of previously unknown extracellular proteins [137] P. freudenreichii LC-MS/MS and nano-LC-MS/MS Identify adhesion and immunomodulation determinants [22] utilization pathways in lactobacilli [43, 94] ; and human milk oligosaccharides metabolizing capabilities in infant-associated bifidobacteria [104] have been studied through proteomics.
Proteomics for the study of changes in probiotic functionality
The pool of proteins produced by a microorganism at certain growth stage is highly influenced by environmental factors and therefore, production of key proteins for probiotics adaptation and functionality may vary under specific conditions (Table 2 ). Proteomics helps discern probiotic attributes modulation by environmental factors [31, 105] , but also their effect on the intestinal cells proteome and gut metaproteome [106] .
Intestinal factors auto-regulate probiotic traits, for instance cholesterol and bile salts induce the metabolic enzymes required for the cholesterol reducing capability of Lb. acidophilus strains. Proteins overproduced in the presence of cholesterol [107] ; and proteins reduced in a carbon control protein A (ccpA) mutant, defective for its cholesterol reducing ability [108] , have been discerned through proteomics. Another example of environmental regulation of probiotic traits is the overproduction of endopeptidases PepE and PepO, known to be essential for producing the angiotensin conversion inhibitory peptide, following Lb. rhamnosus growth in soya milk or Lb. helveticus growth in skim milk [80, 109] . Indeed, lactobacillus incubation in milk at refrigeration temperatures overproduced factors, related to amino acids metabolism and DNA protection, that also enhanced bacterial persistence in the mammalian digestive tract [110] , thus highlighting the importance of food matrix selection on probiotics functionality.
At intestinal level probiotics not only interact with host cells but with other members of the microbiota. In this context, proteomic analysis revealed overproduction of the quorum sensing mediator LuxS in B. longum upon incubation in a rabbit intestine [103] , pointing to the existence of a cross-talk with other gut bacteria. Indeed, co-culture of Lb. sanfranciscensis with Lb. plantarum or with its signaling peptide plantaricin, promoted over-representation of adhesion factors in the cell envelope [111] .
Proteomics studies have also focused on changes in intestinal proteomes in response to the presence of probiotics. In vitro, a Bifidobacterium breve strain promoted overproduction of components of the cytoskeleton and major histocompatibility complex in HT29 cells [112] . In vivo models with weaning piglets also revealed that probiotic and antibiotics administration promoted differential changes in the small intestinal proteome [113] . Models of intestinal diseases have also studied probiotics action at proteomic level. For instance, a jejunal proteome analysis in a rat model of gliadin-induced enteropathy revealed that B. longum modulates inflammation [106] .
Proteomics of simple and complex microbial populations: metaproteomics
The human microbiota comprises thousands of different microorganisms that co-habit in the same environmental niche. From an analytical point of view, this fact increases notably the complexity at the level of sample processing and data analysis, and difficult massive protein identification. During the last ten years, improvements in protein/peptide separation and identification, such as the development of highresolution mass spectrometers, have allowed the study of complex protein samples [114] . The study of the proteome of environmental systems is referred to as metaproteomics, and was defined few years ago [115] . In this regard, metaproteomics of more or less simple bacterial consortia both in vitro or using gnotobiotic mice, has been invaluable for the development of methodologies allowing implementation of this technique to the study of the human microbiota [116] . In the case of probiotics, metaproteomics have a clear application in determining the effect of a given strain over the relative abundances of the microorganisms integrating the bacterial community of the human GIT.
Many of the methods used in metaproteomics have been inherited from gel-free proteomics, and needs further improvements, for instance to warrant a complete bacterial lysis [117] . For instance, a method has been recently described allowing efficient bacterial separation from the rest of faeces components, which may facilitate further protein and representative protein extraction [118] . In the field of gut microbiota, the majority of studies have been published based on DNA sequencing analyses but few studies have been performed through proteomics. In this sense, Klaassens and coworkers [119] showed that infant fecal bacterial metaproteome changed over the time, based in 2DE analyses; whereas Verberkmoes and coworkers [120] identify microbial proteins present in fecal samples based on gel-free LC-MS/MS. Metaproteomics are not still optimized in terms of resolutive power, but it has already been used for the identification of the protein core of the gut microbiota [121] . In this sense, metaproteomics has confirmed the long-term stability of the gut microbiota in adults, as suggested by other omics methodologies, identifying a core of about 1000 microbial proteins per subject, among which proteins involved in microbial-host crosstalking such as flagellins [122] . Data from other omics techniques is of great value for establishing and implementing metaproteome protocols, and indeed input from metagomics or single bacteria genomes has been shown to increase the resolution ability and the identification capacities of known identification routines through the implementation of novel data mining models [123] .
Gel-free techniques have been combined with 2DE to study the whole human gut microbiota composition [120] and their modification after probiotic [32] or antibiotic administration [124] . Classical SDS-PAGE has been also combined with LC-MS/MS in order to detect the gut metaproteome signature of obese vs lean subjects, generating interesting results such as the Bacteroidetes members are metabolically more active in the obese cohort [125] . Although still a nascent discipline, metaproteomics is a promising and non-invasive tool for tracing probiotic effects on the complex gut ecosystem and to study the functionality of the gut microbiota, notably in the context of autoimmune and chronic inflammatory diseases [126] .
Proteomics of sub-cellular fractions
One of the possibilities to decrease protein complexity in terms of abundance is to fraction proteomes according to subcellular locations. Proteomics has also been used for describing changes in some of these sub-proteomes, such as surface-associated proteins [127] or extracellular proteins [128] , which are the first steps to identify molecules involved in the interaction of probiotic bacteria with the human host [129] .
In this way, surface associated and extracellular proteomes are relevant for a probiotic since they will determine the type of interaction with the human host, and ultimately the mechanism of action [130] . Surface associated proteins initiate the dynamic molecular dialogue bacteria-host and, therefore, can have crucial roles for probiotics functionality. Surface exposed and secreted proteins have been attributed roles in intestinal attachment, and immunomodulation in Lactobacillus, Propionibacterium and Bifidobacterium strains [22, 26] . Indeed, sortase dependent proteins appeared to be essential for the immunomodulatory properties and gut retention of Lb. plantarum [131, 132] . Furthermore, surface-exposed or secreted proteomes are often modulated by intestinal factors like co-culture with intestinal cell lines [133] , low pH [134, 135] , bile salts [72, 98, 136] or mucin [137, 138] , or co-cultivation in a caecum-like environment [139] , thus pointing to intestinal regulation of functions crucial for probiotics intestinal colonization. Indeed, implantation of a B. longum culture into a rabbit intestine confirmed in vivo over-production of elongation factor Tu [103] .
Several proteinaceous factors involved in probiotic attachment to intestinal cell lines in vitro have been identified in the surface associated proteome. Among them, internalin A in Propionibacterium freudenreichii [22] , BopA in Bifidobacterium bifidum [140] , pilus-like structures in Lc lactis [64] , bifidobacteria [141] and lactobacilli [142] , S-layer proteins (slpA) in Lb. acidophilus [143] or fimbriae in Lb. rhamnosus [144] are remarkable and have been identified using proteomic approaches. In this sense, proteomics has been relevant in the identification a high number of moonlighting proteins, proteins that are secreted without harbouring any signal peptide. Apart from being important metabolic proteins, they have been shown to be associated to the bacterial surface displaying plasminogen or mucin binding activities. Examples of moonlighting proteins are enzymes involved in carbohydrate metabolism like enolase or glyceraldehyde 3-phosphate dehydrogenase (GADPH), general stress proteins like DnaK, GroES or GroEL and elongation factors such as EF-Tu, which in some cases appeared overproduced following bile exposure [133, 136, 137, 145, 146] .
Bioinformatics tools
Today, more than ever, the study of human microbiome and probiotic functionality attracts considerable attention from the bioinformatics community. Late in 2000s, the Human Microbiome Project (HMP) [147] and the metagenomics of the Human Intestinal Tract (MetaHit) [148] emerged as the two main international initiatives devoted to the study of human microbiome and the development of computational methods to analyse sequenced metagenomes. Now, the spectrum of software tools dedicated or supporting these analyses is quite vast.
Many efforts have been devoted to gene function prediction, notably in probiotic research, where very specific effects are observed in concise strains harbouring certain genetic traits. Regarding the gut microbiome, approximately 50% of the genes are not yet characterized using standard annotation methods [149] . Therefore, conventional methods for putative gene characterization and functional prediction, based on alignment to homologous genes with existing annotations (e.g. BLAST), were rendered ineffective [150] . Alternative computational methods approached the problem by integrating standard homologybased with additional information, namely sequence features, coexpression data, protein-protein interactions, binding sites, and subcellular localisation data.
The annotation pipelines of RAST, MG-RAST [151] and IMG/M [152] are perhaps the most well-known comparative genomics-based automated pipelines where researchers working on probiotics or gut microbiota can easily analyse genomes/metagenomes. Databases such as Pfam [150] and COG [153] enable methods encompassing comparisons with sequence-diverse protein families or recurring sequence motifs; and, the KEGG Orthology and KEGG pathways databases [154] are often used to predict the composition ratio of microbial gene families and pathways from the human microbiome project [155, 156] . Tools such as RAPSearch [157] and PAUDA [158] propose faster alternatives than BLAST to the alignment of environmental sequencing reads. Besides comparative genomics, there are structure-based approaches, functional prediction methods based on evolutionary conservation and phylogeny, and network context-based approaches (e.g. coexpression and metabolic networks) [156, 159, 160] .
Regarding proteomics software packages two open source tools, Unipept and MetaProteomeAnalyzer, are worth mentioning. Unipept is a web application powered by the UniProt database and an implementation of a custom lowest common ancestor algorithm [161] . It allows tryptic peptide and metaproteome analysis or identification of unique tryptic peptides in a given sample/experimental condition, highly valuable in targeted proteomics. In addition, it provides a set of interactive data visualizations such as the metaproteome clustering tool. The MetaProteomeAnalyzer is a software package dedicated to the integration of metaproteomic profiles with other metadata (genomic, functional etc.). This tool provides with an intuitive environment for data mining, analysis and interpretation, as well as with methodologies to decrease data redundancy [162] .
During the next years, further improvements in protein database searching, raw mass spectra filtering, data mining and graphical representation among other computational processes, will allow determining how gut metaproteome composition affects human health through bottom-up or top-down methodologies allowing discovering over or sub-representation of key metabolic pathways/features through high-throughput and non-invasive techniques.
Human gut metaproteomics is also an emerging research field that is characterized by a high level of complexity [163, 164] . Conventional high-throughput spectral interpretation algorithms have been developed in the context of properly assigning peptide-spectral masses or peptide sequence information (inferred from MS/MS fragmentation) to the proteins from which peptides are theoretically derived. In addition, there are many ambiguous peptides that can be derived from different proteins [165] . This, also known as the protein inference problem, is an important bottleneck in shotgun proteomics which has been addressed using different strategies, such as Bayesian approaches or Lasso models [166, 167] . The development of cross-species protein identification approaches and metagenomics-based approaches was challenged by the complexity of the gut microbial proteome and the dynamic distribution of species between individuals. New approaches aim to increase the sensitivity of the peptide identification by peptide spectrum matching and one possibility is to integrate synthetic metaproteome information and metagenomic information [123] . The work of Muth et al. [121] further discusses alternatives to the peptide identification via database searching and presents de novo sequencing as a valid alternative independent from protein sequence databases. The field of human gut microbiome metaproteomics has been recently reviewed [168] .
Genome-scale metabolic models (GEMs) are perhaps the latest tool in human gut bioinformatics [169, 170] . Metagenomics studies can quantify the relative abundance of each species in a community but it does not enable description of the function of each individual. The GEMs can describe the metabolism of each species and the integrated analysis of these models may allow us to explore the interactions between predominant bacteria in the gut ecosystems. For example, ElSemman and colleagues reconstructed two GEMs for Bifidobacterium adolescentis L2-32 (the iBif452 model) and Faecalibacterium prausnitzii A2-165 (the iFap484) to support the study of the anti-inflammatory role that these microorganisms play in the gut ecosystem [171] . Along this line of research, Bayesian inference of metabolic networks has been employed to reveal a metabolic system with greater prevalence among inflammatory bowel disease patients [172] ; and the construction and functional analysis of proteome interaction networks enabled the analysis of nutrient-affected pathways in human pathologies [173] .
Conclusions and perspectives
Traditionally, probiotics have been selected on the basis of a good technological performance, mainly their suitability to survive during industrial processing and storage, a robust metabolic behaviour that allows profitable biomass yields, and a stress resistant phenotype that guarantee their passage through the gastrointestinal tract and subsequent viability in the gut. In this regard, the molecular basis underlying the functional properties of probiotic bacteria responsible for the health promoting effects have been in the background for many years. However, the breakthrough of omics technologies in the probiotic and microbiota fields has had a very relevant impact in the elucidation of probiotic mechanisms and in the procedures to select these microorganisms, based on solid scientific evidence. During the last decade we have seen a tremendous eclosion of genomics and metagenomics methodologies that were very useful to identify the population of microbes inhabiting our gut, and its relation to different diseases and physiological disorders. It is unquestionable that, in the near future, the evolution of proteomic techniques will play a pivotal role in the generation of knowledge about the functions of probiotics and gut commensals, still a pending issue in the field of intestinal microbiomics. In addition, enrichment and curation of database content will increase the knowledge about functions of proteins, which is a very important aspect for proteomic analyses in general. This will include not only more efforts in curating individual (and mostly draft) probiotic genomes, but also deciphering the functions of the hypothetical or putative proteins that are distributed along all genetic entries.
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